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The Distribution of Total and Organic Mercury in Seven Tissues of
the Pacific Blue Marlin, Makaira nigricans I
CYNTHIA D. SHULTZ2 AND D AVID CREARJ
ABSTRAC T : Tissue samples from Pacific blu e marlin (Makaira nigricans) were
collected at a fishing tourna ment in K ona, H awaii, in August 1973. Analyses of
total and organic (met hyl) mercury in dicated that the marlin may be biotransform-
ing methyl mercury to inorganic mercury such tha t abo ut 90 percent of the body
burden of mercury is in the inorganic form. Specific analysis of a subs ample of the
tissues showed that th e difference between the total and organic mercu ry concen-
tr ations was equal to inorganic mercury by weight.
IN THE LAST DECADE, numerous papers have
reported mercury concentrations in various
species of fish th roughou t the world . Studies
done on mus eum specimens revealed that
mercu ry levels in fish currentl y being sampled
were similar to th ose levels in older, preserved
fish, and that mercury contamination may be
from natural rather than human causes (Barber,
Vijayakumar, and Cross 1972 ; Miller et al.
1972). Although there has recently been some
question of the accuracy of testing museum
specimens (Gibbs, Jarosewich, and Windom
1974), it wo uld seem likely tha t many aquatic
organisms have been exposed to geological
fluxes of mercu ry throughout much if not all
of their evo lutionary history.
Rivers, Pearson , and Shultz (1972), while
carrying out a survey of the mercury concen-
tra tions in nine species of fish fro m Hawaiian
waters, reported that the mercury in eight of
the species was predominantly organic mercury,
a findin g consistent with others in the litera-
tu re (West66 1967; Kamps , Carr, and Miller
1972). In Pacific blue marlin captured in August
1971, it was found that the orga nic fraction
comp rised less than 20 percent of the total
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mercury in the muscle, and less than 7 percent
in the liver. In a study of marlin sampled in
August 1972, this disparity between the levels
of organic and total mercury was again found
(Shultz et al. 1976). D r. Gunnel West66
(private communication) has ident ified the
organic fraction as meth yl mercury. In these
previous studies, no attempt was made to show
that the difference between total and methyl
was ino rganic mercu ry.
For this report, samples of seven different
tissues fro m 35 Pacific blue marlin were analyz-
ed for total, organic, and inorganic mercury.
In addition, samples of muscle tissue were
baked in a vacuum oven to permit us to ascer-
tain if any loss of mercury occurred.
MATERIALS AND METHODS
Samples of muscles , liver, spleen, go nad,
stomach, gill, and blood were collect ed from 35
fish land ed during a billfish tournament in
Kona, Hawaii. The tissues were gro und with
D ry Ice in a Waring blender. The organic
extraction was carried out as described by
Rivers, Pearson, and Shultz (1972), i.e. , a ben-
zene extraction of the mercury compound was
reextracted with cysteine, th en oxidized with
permanganate, and analyzed by the flameless
atomic absorption apparatu s. Total mercury
digestions were perfor med as described by
Rivers, Pearson, and Shultz (1972), except that
the 30 ml of concentrated nitric acid was
reduced to 10 ml. The inorganic method
involved a nit ric acid digestion at ambient
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TABLE 1
TOTAL AND ORGANIC MERCURY I N SEVEN TISSUES OF 35 PA CI FI C BLUE MARLIN
FISH MUSCLE LIVE R SPLEEN GI LL GONAD STOMACH BLOOD
WEIGHT TOTAL ORGANIC TOTAL ORGANIC TOT AL ORGANIC TOTAL ORGAN IC TOTAL ORGANIC TOTAL ORGANI C TOTAL ORGANIC
. (kg) SEX (mgjkg, wet weig h t )
49 F 0.13 0.06 0.22 0.03 0.Q7 0.Q7 0.05 0.04 0.05 0,04 0.08 0.03
60 M 0.76 0.26 2.20 0.15 1.72 0.10 0.16 0.10 0.11 0.07 0.42 0.05 0.13 0.03
64 M 1.13 0.10 2.78 0.01 1.66 0.08 0.10 0.Q7 0.12 0.04 0.30 0,04 0.08 0.Q1
68 M 2.42 0.15 8.69 0.05 5.08 0.08 0.24 0.04 0.33 0.05 0.06 0.Q7 0.30 0.Q1
68 M 1.26 0.34 2.48 0.26 1.84 0.16 0.22 0.12 0.19 0.09 0.43 0.23 0.08 0.04
71 M 2.74 0.31 17.40 0.11 5.28 0.09 0.33 0.Q7 0.30 0.Q7 1.03 0.12 0.09 0.03
71 M 2.72 0.36 7.59 0.10 4.28 0.10 0.17 0.08 0.29 0.08 0.82 0.12 0.13 0.03
75 M 6.80 0.51 30.80 0.26 10.40 0.11 0.34 0.14 1.60 0.19 1.56 0.10 0.16 0.02
75 M 1.54 0.07 6.00 0.05 3.16 0.05 0.23 0.06 0.13 0.08 0.48 0.04 0.25 0.Q1
77 M 1.76 0.36 4.70 0.14 3.64 0.09 0.23 0.08 0.26 0.11 0.52 0.10 0.12 0.02
78 M 1.68 0.51 5.60 0.18 2.56 0.10 0.20 0.05 0.25 0.11 0.48 0.14 0.06 0.02
79 M 1.74 0.25 6.30 0.15 2.82 0.Q7 0.15 0.06 0.30 0.08 0.82 0.12 0.12 0.03
79 M 3.30 0.25 9.00 0.06 3.88 0.08 0.27 0.Q7 0.43 0.11 1.12 0.10 0.40 0.03
83 M 3.30 0.29 13.00 0.09 6.60 0.Q7 0.34 0.08 0.48 0.10 1.08 0.12 0.77 0.Q3
86 M 4.32 0.46 18.20 0.04 5.48 0.12 0.37 0.10 0.56 0.13 1.16 0.12 0.52 0.05
86 M 3.92 0.50 20.00 0.04 14.40 0.12 0.31 0.Q7 0.51 0.17 1.36 0.09 0.12 0.06
87 M 3.88 0.46 13.00 0.15 11.40 0.15 0.23 0.05 0.56 0.12 1.46 0.16 0.10 0.05
90 M 6.76 0.21 38.80 0.11 23.80 0.08 0.44 0.10 0.94 0.08 2.60 0.06 0.28 0.05
91 M 3.32 0.43 14.40 0.19 7.20 0.13 0.31 0.10 0.39 0.10 1.34 0.13 0.Q7 0.05
97 M 2.20 0.64 4.36 0.27 3.04 0.25 0.25 0.19 - - - - 0.86
97 M 3.12 0.43 9.80 0.15 6.50 0.15 0.31 0.09 0.46 0.13 0.95 0.20 0.41 0.Q3
102 F 2.48 0.44 5.30 0.13 2.48 0.21 0.22 0.21 - - - - 0.Q9 0.05
102 M 4.48 0.44 32.80 0.15 15.00 0.21 0.45 0.14 0.44 0.15 1.48 0.13 0.44 0.05
109 F 0.70 0.19 1.08 0.11 0.54 0.15 0.11 0.11 0.16 0.11 0.26 0.10 0.14 0.03
113 F 5.39 0.69 13.60 0.22 - - 0.34 0.19 0.50 0.18 1.20 0.14 0.38 0.05
139 F 2.68 0.69 10.00 0.26 5.64 0.30 0.45 0.19 0.74 0.26
139 F 4.76 0.46 9.20 0.30 8.20 0.15 0.33 0.13 0.31 0.11 1.50 0.20
144 F 2.68 0.82 3.30 0.33 4.40 0.35 0.31 0.26 - - - - 0.22 0.19
144 F 4.76 0.48 4.80 0.48 6.30 0.30 0.28 0.13 0.30 0.11 0.95 0.29 0.24 0.17
145 F 13.30 0.47 27.00 0.30 25.00 0.33 0.46 0.30 2.78 0.30 2.06 0.33 0.28 0.17
177 F 4.12 0.95 6.80 0.41 - - 0.48 0.31 2.70 0.83 - - 0.15 0.15
181 F 16.80 0.97 58.80 0.43 - - 0.86 0.26 2.46 0.40 - - 0.68 0.09
189 F 9.10 0.71 24.00 0.57 14.00 0.30 0.64 0.15 2.38 0.31 1.92 0.33
244 F 15.60 0.77 28.40 0.38 21.00 0.38 0.91 0.12 - - - - 0.94 0.18
415 F 6.09 0.75 10.20 0.56 - - 0.49 0.18 1.84 0.33 1.38 0.39 0.53 0.21
A vera ge V alues 4.35 0.45 13.45 0.21 7.33 0.16 0.33 0.13 0.74 0.16 1.06 0.14 0.29 0.06
M ethy l H g /
T ota l H g (%) 10.4 1.5 2.2 38.6 22.0 13.6 21.9
NOTE: mgjkg wet w e igh t a re fo r all t is s u e s . M ercur y h a s b een calculated as in o r g a n ic mercu ry.
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temp eratu re as described by Iverson and
Hierliky (1974). All analyses were made with a
Perkin-Elmer 303 atomic absorption spectro-
photomete r equipped with a Manning vapo r
chamber (Manning 1970) or a Coleman mercury
analyzer . N o difference in results was detected
between these two instruments.
Analyses of a large number of samples on a
single day poin ted to probl ems in the deter-
mination of mercury by the flameless absorp-
tion technique that have received little atten-
tion in the literature. The continued use of a
glass reaction chamb er for the reduction of
mercu ry to its elemental state results in the
formation of a nearly imperceptible and highl y
insoluble coatin g of an unidenti fied residue on
th e glass. Consequently, the standard solutions
in a reduc ed state cannot be left stand ing in
these reaction vessels without a steady loss of
mercury. This problem can be avoided by main-
taining an excess of potassium perm anganate
in the solutions until immediately before be-
ginning analysis. Gage and Warren (1970) noted
the formation of an insoluble stann ous film on
the reaction chamb er wh ile carr ying out low-
level mercury analyses of urine specimens and
observed that after a few determinations the
analyses could proceed without further addi-
tion of stann ous chloride. The authors sug-
gested that this was due to the same insoluble
film, presumably composed of stannous oxide
with some residual reducing prop erties. They
noted that the film could be remo ved by dilute
nitric acid, although it has been our experience
that only prol onged soaking in concentrated
dichromate cleaning solution will remove this
film. Another problem involved the use of the
Coleman mercury analyzer. After running 30
to 40 samples, we had to chang e or wash th or-
oughly the tubing and cell to avoid erratic
readings. A stann ous film coating was also ob-
served on the biochemical oxygen demand
bottles and they too had to be rigorously clean-
ed quite frequentl y. Wh en samples were run
only once a week, however, flushin g of the cell
and tubing proved unnecessary.
A cooking experiment was carried out to
determine if the mercury in the muscle could be
reduced by baking the muscle in a vacuum oven
for 1 hour. Samples of fillet were ground with
Dry Ice and analyzed before and after being
coo ked. The temperature of the oven ranged
from 55° to 93° Cat 20 in. of mercury vacuum.
RESULTS
T otal and organic mercury concentrations
for muscle , liver, spleen, gill, go nad, stomach,
and blo od are given in Table 1. The lowest
total mercury levels were found in blood (aver-
age 0.29 ppm) and highest in liver (13.45 ppm).
The lowest organic mercu ry concent rations
were found in blood (0.06 ppm) and the highest
in muscle (0.45 ppm). The percentage of or-
ganic to total mercury ranged from 1.5 perc ent
in liver to 38.6 percent in gill. In muscl e tissue,
meth yl mercury comprised about 10 percent of
the total mercury,
In organic mercury analyses were performed
on a sub sample of muscle, liver, and spleen
(Table 2). The inorganic mercury results
equalled the difference between the total and
organic valu es within the limits of experimental
error. This confirms the earlier assumption
that the preponderance of mercury in the mar-
lin is in the inorganic form.
In all tissues except liver and stomach, total
mercury levels showed a dependence on weight
and orga nic mercury levels. Organic levels
were highly correlated with weigh t in all tis-
sues (Table 3). Figure 1 shows this relationship
of mercury to weig ht in the muscle tissue. An
analysis of variance indicated no significant
difference between mercury levels in males and
females. All but one female weighed over 100
kg and all but one male weighed under 100 kg .
The results of the coo king experiment are
given in Table 4. No loss of mercury was
observed after 1 hour of baking.
DISCUSSION
Mercury reachin g th e marine environment
cou ld be passed to the fish directly from the
water and/o r indirectly via the food chain . Both
pathways may be active bu t their relative im-
portance is not known. Voyce and Zietlin
(1974) reported mercury concentrations from
nearshore and offshore stations in Hawaiian
waters and found levels higher in the open
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TABLE 2
I NORGANIC M ERCURY ANALYSES
INORGANIC
INORGANIC MERCURY BY
MERCURY DIFFERENCE
FISH TISSUE AND SPECIFIC TOTAL Hg/
WEIGHT OF DETERMINATION* ORGANIC Hg
FISH (kg) (mg/kg ) (mgjkg)
Muscle
49 0.11 0.07
64 0.78 1.03
68 0.89 0.92
75 0.66 1.47
79 2.90 3.05
86 4.18 3.86
97 2.90 2.69
102 1.81 2.04
102 3.92 2.69
113 4.98 4.70
Average 2.31 2.25
Liver
68 9.19 8.64
71 18.08 17.29
75 6.39 5.29
75 29.60 30.54
78 4.44 5.42
79 8.22 8.94
83 11.09 12.91
87 13.18 12.85
97 4.44 4.09
102 5.82 5.17
Average 11.05 11.18
Spleen
71 4.98 5.19
71 4.31 4.18
75 8.38 10.29
77 4.05 3.55
87 9.86 11.25
90 23.66 23.72
144 4.05 4.05
A verage 8.47 8.89
* Specific inorganic mercury method from Iverson
and H ierliky (1974).
ocean samples. The merc ury was found to be
entirely inorganic in nature and showed de-
creasing concentrations with increasing depth,
suggestive of atmospheric input. Concentra-
tions from 0 to 200 meters depth ranged from
109 to 224 ng/liter at an open ocean station
off the island of Oahu. In a study of Hawaiian
coasta l waters, Lau (1973) found that mercury
values averaged less than 20 ng/liter. Other
mercury values reported for seawater samples
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ranged from 0.5 to 364 ng /liter (O lafsson 1974),
with an estimated worldwide average of about
100 ng/li ter (Miller et al. 1972). If direct ab-
sorption from water were the primary route
into the fish, the gills coul d be expected to con-
tain a very large fraction of inorganic mercury.
Conversely, the percentage of methyl mercury
(39 percent) was greatest in this tissue.
I t would appear that diet is a more important
mercury source to the marlin. Stomach con-
tents examined by the National Marine Fisher-
ies Service on 76 marlin captured in 1973
showed that the most common food items were
tu na (38-percent occurrence), mackerel scad
(36 percent), squid (21 percent), and spin y
puffer (19 percent) (Naughton 1973). Although
mercury values are not available for all of the
food items, Rivers, Pearson, and Shultz (1972)
have rep orted concentrations in two species of
tuna caught off of Hawaii : yellowfin (Neothun-
nas macropterus) and skipjack (Katsuwonus pela-
mis), with mercury levels of 0.54 ppm and
0.38 ppm, respectively. Another food item of
the marlin is the do lphin, Coryphaena bippur«:
(12-percent occurrence in stomach contents),
which was found to contain 0.25 ppm mercury.
These fish are pelagic species and, as such, are
exposed to the same amo unt of merc ury in their
physical environment; yet, all have mercury
levels nearly an order of magnitude less than
that of the marlin. In addition, their mercury
content was essentially all organic mercury, i.e.,
methyl mercury.
If most of the mercury entered the marlin
via the food chain as methyl mercury it would
seem that demethylation to inorganic mercury
was occurring. The high proportions of in-
organic mercury in the liver and spleen suggest
that these organs may be locations for this bio-
trans formation, although this does not mean
that they are necessari ly the sole or even pri -
mary sites of reaction. If the conversion is cata-
lyzed by a specific enzyme system, then the
liver and spleen would be prime areas. How-
ever, the change may be the result of a chemical
reaction of the organomercurial with thiol
groups of cysteine, glutathione, proteins, and/
or other molecules as suggested by Weiner et al.
(cited by Norseth and Clarkson 1970). Under
such conditions the release of inorganic mercury
cou ld be expected wherever methyl mercury
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TABLE 3
CORRELATION COEFFICIENTS OF WEI GHT VERSUS M ERCURY CONCENTRATIONS IN VARIOUS MARLIN TISSUES
TISSUE TOTAL H g /WEIGHT ORGANIC H g /WEIGHT TOTAL Hg/ORGANIC H g
Muscle 0.53** (35) 0.65** (35) 0.57** (35)
L iver 0.23 (35) 0.79** (35) 0.27 (35)
Spleen 0.54** (31) 0.86** (31) 0.41* (31)
Gill 0.64** (35) 0.50** (35) 0.49** (35)
G onad 0.61** (31) 0.57 ** (31) 0.82** (31)
Stomach 0.34 (28) 0.77** (28) 0.40* (28)
Blood 0.43* (31) 0.81** (30) 0.36* (30)
N OTE: Nume rals in parentheses indicate sample numbers .
* p < 0.05.
** p < 0.01.
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FI GURE 1. Regression cu rves describ in g the rel at ionsh ip of total and o rgan ic mercury in muscle tiss ue o f the
Paci fic bl ue m arli n to fish weigh t . Ci rcles, to tal m ercu ry; triang les, o rga n ic me rcu ry.
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TABLE 4
R E SULT S OF C OOKIN G EXPERIMENT
F ISH SAMPLE COOKED VALUE UNCOOKED VALUE
WEIGHT (kg) mg/kg mg /kg
86 3.92 3.92
87 3.76 3.88
90 6.7.Q 6.76
91 3.52 3.32
97 2.36 2.20
97 3.36 3.12
102 2.28 2.48
102 4.90 4.84
109 0.71 0.70
113 5.00 5.39
Average 3.65 3.66
NOTE : Samples were cooked in a vacuum oven for 60
minutes, 20 in. Hg, at 55° to 93° C.
compounds occur in the body (Norseth and
Clarkson 1970). Since inorganic mercury and
meth yl mercury are both widely distributed in
the marlin tissues, this explanati on seems plau-
sible. Conversion of methyl mercury to in-
organic mercu ry has been shown to occur in
an other species of fish, th e bluegill (Burrows
and Krenkel 1973) and in rats (Norseth and
Clarkson 1970).
Using th e data for marlin sampled in 1971
and 1972 (Rivers, Pearson, and Shultz 1972;
Shultz et al. 1976) and the data reported here,
we carr ied out an analysis of va riance between
sexes and between years . N o significant differ-
ence (P > 0.05) was fou nd between males and
females for either total or methyl mercury.
Comparison of samples from 1971, 1972, 1973
indicated no difference in to tal mercury (P >
0.05) but the methyl mercury values showed
highl y significant differences (P <0.01). T he
difference with the organic mercury may be
due to sampli ng variability resulting in a high
adjusted mean of 0.899 for 1971 versus 0.430
and 0.434 for th e other 2 years. We performed
these statistical analyses using the muscle tissue
as representative of the whole fish, since this
tissue represents the bulk of the fish weight
and stores most of the mercury in the orga nism.
It appears then that the mercury conc entration
of the marlin as a statistical group has remained
approximately constant ove r the past 3 years.
The mercu ry levels of the individual fish, how-
ever, have no t remaine d constant as the levels
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have increased with size (age). Since the marlin
are open-ocean carnivores, it is possible that
these mercur y tissue levels have existed fo r
extended periods.
It is unlikely tha t the mercury in the marlin
is due to man's input, since direct contamina-
tion with industrial and/or agricultural efflu-
ents is near ly impossible with a pelag ic species.
Hammond (1971) estimated that man's indus-
trial and agricultural inputs of mercury into th e
ocean basins since 1900 are two to th ree orders
of mag nitude less than the 108 metric tons of
mercu ry considered to be present in the oceans.
Ex cept for restricted coastal areas, it does
not appear likely th at man has increased the
mercury content of the oceans by even as mu ch
as 1 percent. Natural global inputs such as vo l-
canic activity may playa large role in supp lying
pelagic fish with mercury. Additions of mer-
cur y to the atmosphere in the Hawaiian archi-
pelago from volcanic sou rces have been show n
to be substant ial (E shleman, Siegel, and Siegel
1971), and relatively high amo unts of mercu ry
have been found in plant s and fungi near an
active volcano on the island of Hawaii-near
the area where the marlin in this study were
caugh t (Siegel et al. 1973).
Since marlin is eaten by segments of Hawaii's
population and since the average total mercur y
value is greater than the federal guideline of
0.5 ppm, we decided to cook the meat to see if
any mercury loss occurred. Westoo (1966) has
reported that boiling did not remove methyl
mercu ry from fish tissue, and Rohala et al,
(1973) have shown that baking at 2000 C does
not remove ino rganic mercury as 2J3Hg(N 0 3)2
from spiked liver paste. Table 4 shows that no
mercury, either organic or inorganic, was lost
from marlin muscle after it had been baked in a
vacuum oven for 1 hour. The mercury concen-
tration of the raw muscle, then, is represent a-
tive of the mercury in cooked meat.
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